Chronic alcohol use has widespread effects on brain morphometry. Alcohol dependent individuals are often diagnosed with comorbid substance use disorders. Alterations in brain morphometry may be different in individuals that are dependent on alcohol alone and individuals dependent on alcohol and other substances. We examined subcortical brain volumes in 37 individuals with alcohol dependence only (ADO), 37 individuals with polysubstance use disorder (PS) and 37 healthy control participants (HC). Participants underwent a structural MR scan and a model-based segmentation tool was used to measure the volume of 14 subcortical regions (bilateral thalamus, caudate, putamen, globus pallidus, hippocampus, amygdala and nucleus accumbens). Compared to HC, ADO had smaller volume in the bilateral hippocampus, right nucleus accumbens and right thalamus. PS only had volume reductions in the bilateral thalamus compared to HC. PS had a larger right caudate compared to ADO. Subcortical volume was negatively associated with drinking measures only in the ADO group. This study confirms the association between alcohol dependence and reductions in subcortical brain volume. It also suggests that polysubstance use interacts with alcohol use to produce limited subcortical volume reduction and at least one region of subcortical volume increase. These findings indicate that additional substance use may mask damage through inflammation or may function in a protective manner, shielding subcortical regions from alcohol-induced damage.
INTRODUCTION
It has been well established that alcohol use disorders (AUDs) are associated with large changes in brain morphometry (Buhler & Mann 2011) . Postmortem studies have demonstrated that alcohol dependent individuals have reduced brain weight (Harper & Blumbergs 1982) , decreased cerebral white matter (Harper & Corbett 1990) and reduced number of cortical neurons (Harper & Corbett 1990) , particularly the pyramidal neurons located in the prefrontal cortex (Kril et al. 1997) . Additional neuronal loss has been reported in the brains of alcohol dependent individuals, including loss of anterior insular von Economo neurons, a specialized neuronal population implicated in neuropsychiatric conditions involving emotional and social deficits (Senatorov et al. 2015) .
Magnetic resonance imaging (MRI) has provided a non-invasive tool to further explore volumetric and morphometric changes associated with AUDs. A recent metaanalysis identified consistent gray matter atrophy in the bilateral prefrontal cortex, bilateral insula and bilateral posterior cingulate cortex in the brains of alcohol dependent individuals (Xiao et al. 2015) . Subcortical regions are also negatively impacted by heavy alcohol use. Individuals with alcohol dependence have reduced volume in subcortical regions including the hippocampus (Agartz et al. 1999; Sullivan et al. 1995; Wrase et al. 2008) , amygdala (Wrase et al. 2008) , caudate and putamen (Sullivan et al. 2005) and nucleus accumbens Wrase et al. 2008) .
Individuals with alcohol dependence often present with comorbid substance use disorders (Moss et al. 2010 ), yet relatively few studies have investigated the association between comorbid alcohol and substance use and brain volume. Individuals with alcohol dependence and comorbid psychostimulant dependence had increased white matter volume and increased frontal gray matter volume compared to individuals with alcohol dependence alone (Mon et al. 2014) . Both individuals with alcohol dependence alone and individuals with comorbid psychostimulant dependence had decreased parietal white matter, occipital white matter and thalamic gray matter volume, compared to light drinking controls (Mon et al. 2014 ). Short-term abstinent alcohol dependent individuals had smaller subcortical volume in the nucleus accumbens, amygdala, caudate, thalamus and hippocampus, compared to individuals with alcohol dependence and comorbid stimulant disorder (Fein & Fein 2013 ). These differences were largely not present in a similar population undergoing long-term abstinence (Fein & Fein 2013) , indicating the potential for some structural recovery during abstinence. Polysubstance dependent individuals have decreased gray matter in the orbitofrontal cortex (Pennington et al. 2015; Tanabe et al. 2009 ), bilateral prefrontal lobe (Grodin et al. 2013; Liu et al. 1998 ) and occipital lobe (Zois et al. 2016 ), compared to control participants. However, both the Tanabe and Liu studies were broadly focused on polysubstance users and included participants without an AUD diagnosis.
Furthermore, both alcohol dependent individuals and substance dependent individuals have impairments in cognitive functioning. A recent meta-analysis found cognitive impairment in eleven domains in short-term abstinent individuals with AUD, including verbal fluency, speed of processing, working memory, attention, problem solving, inhibition, verbal learning, verbal memory, visual learning, visual memory and visuospatial processing (Stavro et al. 2013) . Men with polysubstance dependence show neuropsychological deficits in domains including attention, inhibitory control, visual memory, abstract reasoning, mental flexibility, conceptualization and motor planning (Cunha et al. 2010; Medina et al. 2004) . Women with polysubstance use disorder perform worse on verbal learning tasks than matched control participants (Medina et al. 2006) . Cocaine use disorder has been associated with deficits in visual learning and memory, executive functioning, impulsivity, verbal learning and memory, visuospatial abilities and working memory (Potvin et al. 2014) . Cognitive deficits are also present in active, non-abstinent drug users. Active cocaine users performed worse than healthy controls on attentionswitching working memory tasks, displaying a particular deficit in visuospatial tasks (Kubler et al. 2005) , and active heavy drinkers showed impairments on a memory and visuospatial index (Green et al. 2010 ).
Alcohol dependence is often comorbid with other substance use disorders. However, there has been limited research on the effect of comorbid alcohol and drug dependence on subcortical volume and previous studies have only included individuals with alcohol dependence and comorbid stimulant use disorders. We compared subcortical brain volume in three groups: individuals with alcohol dependence only (ADO), individuals with polysubstance use disorder (PS; all diagnosed with alcohol dependence and at least two additional substance use disorders) and healthy control participants (HC). We further sought to determine if subcortical regional volumes were related to cognitive and drinking measurements. We focused on subcortical structures as they are implicated in domains disrupted by addiction, including reward (nucleus accumbens, amygdala), cognition (hippocampus), habit formation (caudate, putamen, globus pallidus) and compulsive behavior (thalamus). We examined the following hypotheses: (1) Both ADO and PS individuals have decreased subcortical volumes compared to HC; (2) PS individuals have increased subcortical volume compared to ADO individuals; and (3) In ADO and PS individuals, subcortical volumes negatively correlate with drinking measures and directly correlate with poor cognitive performance.
MATERIALS AND METHODS
All recruitment and testing procedures were reviewed and approved by the National Institute on Alcohol Abuse and Alcoholism Institutional Review Board. After complete detoxification and withdrawal, experimental procedures (psychometric interviews and MRI) were explained and all participants provided written informed consent to participate.
PARTICIPANTS
Individuals with alcohol dependence (n = 74, 32 Female), ages 21-64, were admitted to an inpatient alcohol treatment program. Alcohol dependent participants were divided based on their comorbid substance use into individuals with alcohol dependence only (ADO; n = 37, 16 female) and individuals with polysubstance use disorder (PS; n = 37, 16 female). All PS reported alcohol as their problem substance and were diagnosed with at least 2 comorbid substance use disorders (see Table 1 and Table S1 ). Community-recruited healthy control participants (HC; n = 37, 16 Female), ages 21 -58, with no history of significant medical illness or psychiatric disorders, were also included for comparison.
Participants with an estimated IQ below 80, who had neurological abnormalities, had a history of psychotic symptoms or were not eligible for an MRI scan were not included in the sample. All participants were assessed with the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, 4 th edition (DSM-IV), which determined that each inpatient met criteria for alcohol dependence and that the comparison participants did not meet criteria for current Axis I disorders. A urine sample was collected to verify drug abstinence. All participants received a physical examination to ensure good general physical and neurological health. A social worker administered a semi-structured lifetime drinking history interview to each participant. Alcohol use history was divided into epochs of use patterns according to the respondent's history. We calculated three drinking history parameters from these epochs: (1) age at onset of heavy drinking, defined a priori as the age at which the subject reported first consuming 90 drinks in a 1-month period; (2) years of heavy drinking, defined as the cumulative total contiguous or noncontiguous months during which the participant drank 90 or more drinks per month; and (3) estimated lifetime alcohol consumption (in kg), which is a summation of all alcohol ingestion, including during periods where ingestion did not reach 90 drinks per month. Demographic information can be found in Table 1 .
COGNITIVE TESTS
Cognitive tests were conducted to measure estimated intelligence quotient (IQ), memory, inhibitory control, and visual attention and task switching. Cognitive tests were conducted on average 11.52 ± 21.48 days before the MR scan for HC and 1.68 ± 1.36 days before the MR scan for AD participants (ADO = 2.00 ± 1.47; PS = 1.40 ± 1.22). IQ was estimated from two sub-scales, vocabulary and block design, from the Wechsler Adult Intelligence Scale-Revised (WAIS-R; (Wechsler 1981) ). The Buschke Selective Reminding Test (SRT; (Buschke & Fuld 1974) ) was used to evaluate memory impairment. In this task, a list of 12 words was read to the participant who was asked to recall these words. The participant was then reminded of the words that they did not recall. This procedure was repeated 8 times. We calculated the total number of trials required to learn the word list as a measure of episodic memory function. The Stroop Color Word Test (SCWT; (Stroop 1935) ) was used to evaluate inhibitory control. Participants were asked to say the color of ink of a color word, where the word meanings and ink colors were mismatched. We used the color-word T-score to measure inhibitory control. Finally, the Trail Making Test (TMT; (Reitan 1992) ) was administered to measure visual attention and task switching. Visual attention was measured in Part A (Trails A), where participants were instructed to draw lines to connect consecutively numbered circles as fast as possible. Visual attention and task switching were measured in Part B (Trails B), where participants were instructed to draw lines to connect alternatively numbered and lettered circles. We used the number of seconds required to complete Trails A and Trails B (see Table 2 ).
MRI ACQUISITION
All subjects were scanned using a 1.5 T General Electric MRI scanner (General Electric, Milwaukee, WI) and a standard head coil. Whole-brain high-resolution coronal structural scans were collected using a T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) pulse sequence with matrix 256 × 256 × 124, repetition time (TR) = 100 ms, echo time (TE) = 12 ms, field of view (FOV) = 24 cm and voxel size of (0.9375 × 0.9375 × 2.0) mm 3 .
CORTICAL AND SUBCORTICAL ANALYSIS
The segmentation of intracranial volume (ICV) into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) was performed using an intensity-adaptive algorithm. Based on the information gathered from the histogram of T1-weighted images, an unsupervised K-means clustering procedure separated various tissue regions (Momenan et al. 1997) . GM, WM, and CSF were then ICV-normalized. Volumetric analysis of subcortical structures was carried out using FSL's Integrated Registration and Segmentation Tool (FIRST), which is a model-based segmentation and registration tool (Patenaude et al. 2011) . The shape/appearance models used in FIRST were constructed from manually segmented images provided by the Center for Morphometric Analysis, Massachusetts General Hospital, Boston, MA. Images underwent a two-stage affine registration to MNI152 space at a 1 × 1 × 1 mm resolution. The first stage registered images to a template using a 12 degrees of freedom registration. The second stage applied a 12 degrees of freedom registration using an MRNI142 subcortical mask that excluded voxels outside the subcortical regions. Following registration, images were transformed back to native space using inverse transformation in order for segmentation to be performed with the original voxel intensities. Images were then segmented into 14 subcortical structures (bilateral thalamus, caudate, globus pallidus, putamen, hippocampus, amygdala, nucleus accumbens) and volumetric masks were created. Boundary voxels were converted into interior voxels and overlapping segmentations were corrected by comparing intensity distributions in overlapping segmentations. Subcortical segmentation was visually inspected for quality assurance, and participants with uncorrected outliers were excluded from further analysis (see Fig. 1 for subcortical segmentation example). Volumes for the subcortical regions were extracted using fslstats and were ICV-normalized using the following equation: (tissue-volume / ICV) × 1000.
Group volumetric analysis was conducted using JMP software (version 10.0.0; SAS Institute, Cary, North Carolina). Multivariate analysis of covariance (MANCOVA) examined group differences separately across cortical and subcortical volumes. Age and smoking status were significant predictors of variance for cortical volumes and were included as covariates. Age and education were significant predictors of variance for subcortical volume and were included as covariates. The direction of the effect of age and education can be found in the supplement. Sex and other Axis I disorders (see Table 1 ) were not significant predictors of subcortical or cortical volume variance and were not included as covariates. Although Axis I disorders were not a significant predictor of variance, we performed a secondary analysis excluding participants with a PTSD diagnosis (Table S2 and S3), because we have previously found an effect of comorbid PTSD on brain structure (Grodin et al. 2013 ). The MANCOVAs were followed up with post-hoc analyses to identify group differences, posthoc Tukey honest significant difference (HSD) t-tests were conducted and Bonferroni corrections were applied. Effect sizes were calculated using Cohen's d (Cohen 1988) . We conducted associations between cortical and subcortical volumes and cognitive and drinking measures using Pearson's correlations. To limit the number of comparisons, we only calculated correlations using regions that showed significant group differences.
RESULTS

Demographic and cognitive results
There were no group differences on participant age or BMI. Unsurprisingly, both ADO and PS had greater lifetime alcohol consumption than HC. There were no differences between ADO and PS on lifetime alcohol consumption, age of heavy drinking onset, or years of heavy drinking. There were a greater number of smokers in the ADO and PS groups compared to HC, but no differences between ADO and PS. There were also a greater number of comorbid psychiatric diagnoses (excluding alcohol and substance dependence) in ADO and PS compared to HC, but there were no group differences between ADO and PS. Both ADO and PS had elevated ALT and AST compared to HC, with no differences between ADO and PS. PS had decreased albumin compared to HC and ADO. There were significant differences between all groups on years of education, with HC having the highest years of education and PS having the lowest. PS also had a lower estimated IQ than HC and ADO. On cognitive measures, HC performed better than PS on the SCWT. ADO and PS had worse performance on the Trails B (task switching) compared to HC. There were no group differences in Buschke Selective Reminding Test performance or in Trails A (visual attention) performance.
Volumetric results
Cortical and subcortical volumes
MANCOVA revealed a significant main effect of group (F (2,102) = 5.48, p < 0.001), age (F(2,102) = 13.46, p < 0.001) and smoking status (F(2,102) = 3.93, p = 0.01) on cortical volumes. There were significant group effects on GM volume and CSF volume (see Table 3 ).
MANCOVA revealed a significant main effect of group (F(2,104) = 2.74, p < 0.001), age (F(2,104) = 2.56, p < 0.004) and education (F(2,104) = 1.95, p = 0.04) on subcortical volumes. There were significant group effects on the left thalamus, right thalamus, left caudate, right caudate, left putamen, right globus pallidus, left hippocampus, right hippocampus, left amygdala, left nucleus accumbens and right nucleus accumbens (see Table 4 ).
Healthy controls versus individuals with alcohol dependence only
HC had greater GM volume compared to ADO (p < 0.001), while ADO had greater cerebrospinal fluid compared to HC (p < 0.001; see Table 3 ). There were four subcortical regions with significant group differences. HC had significantly greater subcortical volume in the bilateral hippocampus, right thalamus and right nucleus accumbens compared to ADO (all p < 0.05, corrected; see Table 4 ).
Healthy controls versus individuals with polysubstance use disorder
HC had greater GM volume compared to PS (p < 0.001; Table 3 ). There were two subcortical regions that showed significant group differences: the left and right thalamus (both p < 0.05, corrected). HC had significantly greater volume in these regions compared to PS (see Table 4 ).
Individuals with alcohol dependence only versus individuals with polysubstance use disorder
ADO and PS did not differ on cortical measurements, although there was a trend towards increased CSF in ADO. There was one subcortical region that showed significant difference between ADO and PS. PS had significantly larger right caudate volume compared to ADO (p = 0.03, corrected; see Table 4 ). 
Correlation results
Cognitive measures
DISCUSSION
We conducted a cross-sectional analysis of subcortical volumes in three groups: individuals with alcohol dependence only, individuals with polysubstance use disorder, and a comparison group of healthy controls. To our knowledge, this is the first neuroimaging study to compare subcortical volumes in alcohol dependent individuals with and without multiple additional substance use disorder diagnoses. We report four major findings. First, compared to healthy controls, individuals with alcohol dependence only had reduced volume in the bilateral hippocampus, right thalamus and right nucleus accumbens. Second, compared to healthy controls, individuals with polysubstance use disorder had reduced volume in the bilateral thalamus. Third, individuals with polysubstance use disorder had larger right caudate volume compared to individuals with alcohol dependence only. Finally, there were associations between cortical and subcortical volumes, neurocognitive measures and drinking measures. Correlations between drinking measures and subcortical volumes were only present in individuals with alcohol dependence only.
ADO and PS had cortical volume reductions compared to HC. Both alcohol dependent groups had smaller GM compared to HC, but only ADO had larger CSF. GM volume reductions have been reported in both alcohol dependent individuals (Mon et al. 2014 ) and polysubstance users (Liu et al. 1998) . Despite both ADO and PS having decreased GM, only the ADO individuals had increased CSF compared to HC. Increased CSF volume has been shown to predict gray matter deficits in alcohol dependent individuals (Le Berre et al. 2015) . The decrease in GM volume and increase in CSF volume in ADO are suggestive of a hydoccephalus ex vacuo process, where brain atrophy results in a compensatory enlargement of CSF (Le Berre et al. 2015) . PS did not have this compensatory CSF enlargement, perhaps because of their larger (though not statistically significant) WM volume. Furthermore, there was a significant group × smoking interaction; smoking had an effect on GM in HC, but there were no additional effects of smoking in ADO or PS (see Supplement for details).
ADO and PS also had subcortical volume reduction compared to HC. ADO had subcortical volume reductions in the bilateral hippocampus, right nucleus accumbens and right thalamus, while PS only had decreased volume in the bilateral thalamus. In general, ADO had the smallest subcortical volumes and HC had the largest, with PS falling in the middle. Additionally, the effect sizes for the volume reductions were larger in the ADO group than in the PS group. The largest effect was in the right nucleus accumbens, where HC had significantly larger accumbal volumes compared to ADO. Several studies have reported reduced accumbal volume in alcohol dependent individuals (Fein & Fein 2013; Makris et al. 2008; Wrase et al. 2008) . Furthermore, a preclinical study reported reductions in accumbal volume in alcohol-naïve rats with a genetic predisposition to alcohol addiction (Gozzi et al. 2013) , suggesting that accumbal volume reductions may be a pre-existing condition resulting in a vulnerability to alcohol addiction. ADO individuals also had decreased hippocampal volume, which is consistent with the literature on the hippocampal volume and alcohol use disorder (Agartz et al. 1999; Fein & Fein 2013; Sullivan et al. 1995; Wrase et al. 2008) , and corresponds to preclinical findings of hippocampal neurodegeneration because of alcohol exposure (Geil et al. 2014) . There was also decreased volume in the right thalamus in both ADO and PS individuals, and decreased left thalamic volume in PS individuals. Several studies have reported reductions in thalamic volume in AD individuals (Fein & Fein 2013; Kril et al. 1997; Mon et al. 2014) , and thalamic volume has been shown to negatively correlate with alcohol consumption (Kril et al. 1997) . Thalamic volume reductions have been reported in individuals with alcohol dependence and comorbid psychostimulant dependence (Mon et al. 2014) ; however, another study investigating a similar population did not find a decrease in thalamus volume (Fein & Fein 2013 ). This discrepancy may be because of differences in abstinence duration between studies. In the present study, PS individuals were abstinent for roughly three weeks. The population investigated by Mon and colleagues were abstinent for about a month, while the population investigated by Fein and Fein were abstinent for a longer period, about two to three months. Therefore, the decreased thalamic volume in PS individuals may only be present during short-term abstinence that is recovered after two to three months of abstinence. Reduced thalamic volume has also been reported in opioid dependent individuals, and alcohol consumption in those individuals was negatively associated with thalamic volume, indicating that increasing alcohol consumption in drug users may result in further decreases in thalamic gray matter (Reid et al. 2008) . The thalamus was the only subcortical region with significant volume reduction in both alcohol dependent groups. The thalamus is implicated in compulsive behaviors, as compulsive self-stimulation has been seen in patients with stimulating electrodes implanted in their thalamus (Portenoy et al. 1986) , and it serves as an important relay station from the striatum to the orbitofrontal cortex. Dysfunction in the striato-thalamoorbitofrontal circuit has been hypothesized to result in compulsive behavior and increased drug-seeking motivation seen in addiction (Volkow & Fowler 2000) .
The right caudate was the only region that showed a significant difference between the alcohol dependent groups. The right caudate was larger in the PS compared to ADO, replicating a previous finding in individuals with ADO and AD with a comorbid stimulant disorder (Fein & Fein 2013) . There are two potential explanations for the larger caudate volume in PS individuals. First, polysubstance use may have a neuroprotective effect on the caudate, potentially mediated cannabis use. Cannabinoids inhibit the production of pro-inflammatory mediators and reduce glutamate excitotoxicity (O 'Sullivan & Kendall 2010) , and alcohol-induced neurodegeneration has been attributed to increases in oxidative stress and to glumatergic exicitotoxicity (Crews 2008; Lovinger 1993) . However, the addition of cannabis use as a covariate in the MANCOVA model did not affect the results (i.e. there was no main effect of cannabis use on subcortical volume and the same subcortical regions showed significant group differences). Alternatively, inflammation caused by stimulant use may have masked the effects of alcohol on this region (Clark et al. 2013) . Previous studies have identified increases in caudate volume in stimulant dependent individuals, including cocaine dependence (Ersche et al. 2011) and methamphetamine dependence (Jernigan et al. 2005) . A positron emission tomography (PET) study found increased activated microglia, increasing the production of pro-inflammatory cytokines, in the striatum of chronic methamphetamine users (Sekine et al. 2008 ). The cognitive results provide support for the stimulant inflammation hypothesis, as PS individuals were equal or worse in cognitive measures compared to ADO individuals. If cannabis were protecting the brain from alcohol-related damage, PS would likely show a better performance than ADO on these measures. Brain volume has a positive correlation (r = 0.33) with intelligence in healthy individuals (McDaniel 2005) , an effect which was replicated in the present study. Furthermore, regional volume has been shown to have positive associations with cognitive measures. Thalamic volume was positively associated with cognitive speed in young and middle-aged individuals (Van Der Werf et al. 2001 ) and caudate, putamen and globus pallidus volumes were positively associated with task switching accuracy (Verstynen et al. 2012) . However, brain volume is not always positively associated with cognition and longitudinal studies on multiple groups of alcohol and drug users will be required to understand the mechanism of increased brain volume in polysubstance use.
While the right caudate was the only region to show significant differences between alcohol dependent groups, there was also a reduction in subcortical volume in the bilateral hippocampus and right nucleus accumbens in ADO that was not present in the PS. Although there was no significant volumetric difference between ADO and PS in these regions, there is likely a similar mechanism functioning to increase the volume or mask volumetric damage of these regions in the PS individuals. Fein and colleagues examined a similar population of short-term abstinent individuals with alcohol dependence and individuals with comorbid substance use and reported a large number of group differences, with their stimulant using group showing larger volume in the nucleus accumbens, amygdala, caudate, thalamus and hippocampus (Fein & Fein 2013 ). The population included in this study differs from the Fein study; here we included a population abusing at least two substances in addition to alcohol, while their population was restricted to only alcohol dependent individuals with comorbid stimulant dependence. Their alcohol dependent only population was also slightly older and both alcohol dependent groups had undergone a longer period of abstinence than our participants. Additionally, the Fein study combined the volume of the right and left subcortical regions, preventing laterality comparisons. These methodological and demographic differences may have resulted in Fein and Fein finding more significant group differences. Our PS population abused a wider range of substances, some of which may have masked the effect of others. Further, an older population may be more susceptible to the negative effects of alcohol. Pfefferbaum and colleagues have reported an age related increase in GM volume loss in alcohol dependent individuals that was unrelated to length of illness or lifetime intake of ethanol (Pfefferbaum et al. 1992) . Sample sizes for the alcohol dependent groups were roughly equal in both studies, indicating that statistical power differences are unlikely to be responsible for differences.
Subcortical volumes were correlated with alcohol drinking measures in ADO, but not in PS. Associations were found between the bilateral hippocampus, right nucleus accumbens, and age of heavy drinking onset, years of heavy drinking, and lifetime alcohol consumption, all supporting the hypothesis that alcohol consumption is negatively associated with regional subcortical volume. Despite the lack of differences between ADO and PS on drinking measures, there were no associations between drinking measures and subcortical volumes in PS. Fein and colleagues also reported negative associations between subcortical volumes and alcohol use measures in ADO individuals, but not in PS individuals (Fein & Fein 2013 ). There are several potential explanations for why there are no associations between PS individuals and drinking measures. First, polysubstance use may alter the effect of alcohol on subcortical volumes, masking or protecting regions from alcohol-induced damage. Second, polysubstance use itself may alter subcortical volume, potentially in a different direction than alcohol's effect. Third, polysubstance use may change the association between alcohol use measures and subcortical volumes. Fourth, subcortical volume increases or reductions may be a premorbid condition, particularly in PS individuals, that confer vulnerability to addiction.
This study has several limitations, which should be considered. First, this study was cross sectional and cannot reveal if reductions in subcortical volume are a direct effect of alcohol (or drug) consumption, or if volume reductions are a premorbid condition. Furthermore, the drinking measure association analysis relied on selfreport, which may be inaccurate, particularly in heavy alcohol users. We also did not collect information regarding quantity and frequency of substance use in the substance-using group, preventing us from investigating associations between substance use and brain volume. Additionally, we were unable to fully investigate the impact of smoking on brain volume, as there were very few healthy control smokers. Future studies will need to include healthy control smokers to thoroughly examine the potential interaction between smoking, alcohol and/or polysubstance dependence, and brain volume. We also did not examine the influence of genetic polymorphisms on brain morphometry in this sample; future research should include this component to further elucidate differences between polysubstance using and alcohol using populations.
In summary, our present findings provide evidence for subcortical volume reductions in both individuals with alcohol dependence only (ADO) and individuals with polysubstance use disorder (PS), compared to healthy controls. ADO had volume reductions in the bilateral hippocampus, right nucleus accumbens, right thalamus and GM and had increased volume in the CSF, while PS only had volume reductions in the bilateral thalamus and GM. We also found a difference in caudate volume between ADO and PS, where ADO showed decreased right caudate volume compared to PS. There were significant associations between subcortical volume and drinking measures in ADO, which were not present in PS. This is the first study to investigate the effect of alcohol and multiple comorbid substance dependence on subcortical volume. This study provides evidence that polysubstance use should be accounted for when studying the alcoholdependent population, and that comorbid substance use may underlie or mask volumetric differences previously reported in alcohol dependent individuals.
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